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Atomic Multicast
group membership
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propose/decide
Consensus
multicast/receive
join/leave/getview/send/receiveget suspect list
Group communication and
Detector
Unreliable Failure Unreliable
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Dynamic CP Configuration
Consistency
and Group Membership Protocol
Group Communication 
Group Self−organization
Consistency Protocol (CP)
management
Fault−tolerance
management
  
	  . 
&"+*4>  3  !#"
%$'& - ;=(( 
&09
9
74 ;3 $'1">  <&> 74=?
$ 	 7'*)+ ,-"% .  .#%( /)5. #2  #) !)5.7 '*) 1)7'(7. !)830.	#%(7
fgA-$7%5(D&pA|(D "(*-68(*=&6"$7%*F-*= ;$r ;&IH6Q(*&S A=9$ MaA9K({l(*&#9K-D6#(FG(D(DK%T 9=(*&
49q5(*Q-*&#9KT&6M,8-D(D=9FG(*K(*=cK8&6x(DF"Fq54"-*&6(*&78&#9=?}/"&6-'="(D6"8#J}%6X]#X|F6
 ;T-DF496F$p EqpdB#-*&#A4p&MV&7$7'"$79K%$SHE=|B#-*&#A4SF' ;F-*K4i=G(*-Ma#8T$iA4"4&#-(DKB
(*&6.'A9K(*F#x(%?ªL&IUsFH6-JE*&6t6[(DK&#"s9K=O6	
)6*·%Z5FX8\  IGI^b^ak&#-
R`D!·7*b^a5x
]X56*·%ZdXF­XFLF%$m(*&t ;,"6"$79=$ Eq'=B6"F-*{l9=FH#F979q6F-?6EA"T68(*=&6"-DV&("8%*D-D=9Kq
*4%8K¨c(*&F&6"*=(*"8qd4"-*&6(*&78&#9=ÂNl? 6?(DFqpFS4"49Kq(*&dH6-D691F&6"*x(DF"Fqd4-*&6(*&78&#9=Ã[?03q
6-*.K(*A"(*%$T4-DF=*F9=qI((DLx ;&6A""$-Dq#L F(xUFTMa6A9K((D&69=F-"F,"6B6mG(s$T8&#"(*F8q
B6FG(?]ªL"8#J;Us'"F$(*&QKG(*-D&7$7A"F'(xUs&R=G(*F-*Ma6F'9q6-D,K5&6A--K(*8(*A-D6J;6."&IUV
=d/}=B6A"-*   ?
 #"$$ !%(,  +)'1 .'*) 03"=|9q6-Q"6"$79=(Di8&64;&#*(DK&#µ&6MmB6-D&6A4µ&Mm&7$7(D"I(
(*&#B68(DF-i#[(h6i¾&#mr&7$7#J) Eq F"-*=B¾(**FG(*FS&6MQ(D (*-6$7K(*=&69R6*I·%Z
XF­DXF*E^ Zd "(*-68(*=&6m GqcK89=A"$7=B')6*I·%ZdXF­DXF*E^ ZZ"I\_^a`FI?E03L9q6F-j$8$7%CUVF
(*&5-*m&IH#MN-D&6 (*B6-D&6A"4i&7$7c-*4&#-(D$S(D&k ;RMa6A9K(xq6J1 Eqp4-8(DF-DKeKB(*g&Gp&6M
(*gMa=9=A-*.$78(D8(*&6-%?Ev@(369=*&'-DF&IH#j"&E$(*"(s"&(*KMNqT ;&6A((DF=-sMNA7(*A-D$7=D8&#%[(*=&6F?
/&#9K9=&IUVK"Bp*A" -*m&IHI69=J!(*|9q6F-#$$U Fc -Dm(D&S(*|B6-D&6A"4J1(*&S=G(D=(*
HI=9=6 K9=K(xqk&M,(*Q&6&7$76?10«&p$7&5*&"J!K('(D6O6%'=G(*&5#FF&6AG(cF&6"(*-=G(D'*4;8K¨"%$hI(
9=9K&7I(*=&6T(*=m#¶E(*%8%*D-Dqm&6-DqT=eF#JE(*F(xU&#-*O4;F-*MN&6-D6"8#J#&#-s(*-DF49==I(DK&#
4&#9K8qTÂa874-DD%$'=c(*F-D1&M;GA"' ;F-C&M]89=A"(*F-!UVF-Ds(*&t*4-*%6$c$I(g-DF4"9KF#FJEA' ;F-1&6M
-*49==6C4;F-s89=A"x(DF-%J6F(D?¹Ã[? j6-*=&6A"C(*-6$7F{l&6~]jF&6A9$ ;,874-DD*$I((*9=FH#F9!ÂN6? B"?G69K9=F-
B6-D&6A4i*Ke(D&F"""FR8&#'AF(*=&6S8TFK"8qpH7F?}9=6-*B#F-tB6-D&6A"4S*=eF)(*&="F-*%6*(*
9KH69&M«Ma6A9K(V(*&69=F-8%Ã8?
 ]É[ÊFËÌÍ¹Î[Ï8ÐQÑ
©
>5@5@5@V[É[ÏÒgÓQÍ¹Ô¹ÕË.ÖpÉ[Ò×IØGÐÙ  "#5$'&.(=*,*ò-)$'&./ý"#501'(+24352!687	9*3%&.2!6:;<1=-.*)6?>5@5@5@+A'B'BEDGF+H9*-ò1=35*-GJ(+LRMY$=NÊORQS)T5U=VYX+Z O<[ \
Ä  	!   
	 
Ò
  
  ý

 8	)024'( @ )7'*7. !)8  0.	#% @ #)+#"$ .'(#)   Fr*&6RU°&7$7=m6$"$7$h(*&5(*
B6-D&6A4(D"I(g#[(,6g&#m'&7$76J"(*cFU38&#m-L"#3(*&QKK(*9==eF),(D(*)=&#-D$7-V(*&R 
8&#"(*FG(3UV(D|(*)(D(*&M}(*t&6(*-VF' ;F-V&6M«(*"tB6-D&6A4?03" º I;c^a`jI"[^bXF;`F
¬ *b@%`I\jI }6·7*Ibl^aI9=q#F-)$7F¨"%t&IU(*&d="x(G(*I(DTd8&#"(*F8qk4"-*&6(*&78&#9C&6iA
&7$7?03tU´&7$7tcA"(V¨"-D(3(D6O6KG(D&T6FF&6AG(3(*")8&6¨"B6A-I(DK&#RDDB6%sB6F"F-I(*%$
 Eq(*t&6(*-LFc -D3&6M}(DtB6-D&6A4|I(V(Dt9=FH69&M!(*V9q6-JE ;8MN&6-Dt-D68(*=Bc(*&8E(DF-D"9
D*6B6s6$"$7-*%**$R(*&m(DtB6-D&6A4«?
v(*$7F&6A49=$6-DK(*%[(DA-*1Usj4-D&64;&#*6J(D3*I·%Z
	X8\  GI"^%b^ac9q6-"$.(D º I;Im^a`
jI"[^bXF;`F ¬ *b@%`I\j}6·7*b^aT9=q#F-1F(jA49=KyKG(*-Ma#8s(*"-*&#AB6mUV'(DL8&#"(*F8q
4-D&(D&78&69G=#(DF-68(D}UV(D'(DsMaA9K(}(D&69=F-"F(*-I(DFB6q#?%03EA"J#'&M"(*%sFG(*K(*=1' ;V$7*=B6%$
="$74"$7FG(D9Kqm6FF&6-$7=B,(D&(j4;F¨;B#&#69=JI"$m&6"9Kq'.9=KK(*%$c=G(*-D#[(*=&6cF%$1(D&. ;L$7F¨"$
 ;8(xUsFR(DF|?
 @ 7 7."8   !7'(+#)'*)+  '* 1 '(0% ,-"%(.  .#%( /)5. #)7'(7. !) 830.	#%
033(xqE4F69B6-D$c6449==I(*=&61U3(-DB68(j6-*39=&G&G9Kqm8&7$7F{@F&6A49==B.6449==I(DK&#"FJ6KUVH6F-9
F&E$j-DAT=T4"6-D69K9=F9"&6T$7K~;-*G(s89=A"(*-D"$K(*-D(*=H69Kqc8""B6L$(D?E03%,$"I(D)8""B6
 F-D-DK%$g&#A7((D-*&#AB6-D#$,&#-UV-*K(*6FFD%;(*&,V$"I(D{@*"6-*=B3-*HE86JA"t#}¡"¢£}¤h¥¦: >l?
035-*&#9Kk&Mt(*"=-*HE8R(*&n"*A-*58&6x(DFG(#FFD(*&"6-*%$$I(JsUV=9Kk(*-"*4"-DFG(D9Kq
"6"$79=K"BQMa6K9=A-D?03t=)UVF-DmMaA9K({l(*&#9K-D6#(t8&#"*=(*"8q4"-*&6(*&78&#9=.-DF9=qG=B|&65(*"T44-D&##
4-D&64;&#*$p=nE8(*=&6i6-*A"*8MNA9l?10«&d=9K9=A"(*-I(D(*)$7"J(D=c%[(DK&#S$D8-DK ;t"&IUy(D& A=9=$
*A"4-D&(*&7F&69(D-*(*=B.MN-D&6]I8I·7\_b6bI\KXF*Ib14-*&6(*&78&#97K49=F#(DK"Bt(*'XF"bl[c`I"[^bXF;`F
#X8\?  ,¨"-D(3KG(*-D&7$7A"FL(*"g#(D-*qF&6"*=(*"8qm&7$7F9$R) 6*=6J#&#MaA"9(*{(D&69=F-G(4-D&(D&78&69
UVSK49=F#()K(?  (DFi*&IU"&IU (*"='4-*&6(*&78&#9jF6p ;6$7Ma6A9K({l(*&69=F-G(tA"*K"B|(*
644-D&#6Q4-D&64;&#*$T=(*t4"-*HG=&6As*8(*=&6?
 # <)#) ,-"%(.  .#%( /)5. #)7'(7. !) 840.	#% ,6 .  !)5.8 #)7'*7. /) 8 24	 /%
2j-DFHE=&6A"874-*=F8hUVK(*yÀ7Á F&6"*x(DF"Fq´4-D&(D&EF&69d"#"&IUV±(*"(k-*9=7$±8&#"(*F8q
&7$7F9iF6y ;rK49=FFG(D$HGµ8T8=FG(i4-D&(*&7F&69p(5(Dr4-D=F &6MR-D(*-D=8(*$8&#"(*F8q
B#A"-G(*?t/&6-nK"(D6"8#Jt(*"o4-D&6B6-F-ScA"x(hA´*qE"-D&6=e(*=&6&64;F-I(*=&6FJ)*A"½6
 JE(*&T6O6)*A-*)(*mA %W#A"FG(g68%**L6-*)F&6-D-*%[(D9Kq*(*x¨"%$J6"$   JG(*&R69K9=&IU
(D9=&E9V&7$7K¨F(*=&6"(D&i ÂN6B6-*9=qi&6-T9eK9=qÃm4-D&64"6B#I(D$h(*&i-DF&(Dd&7$7?03B6F-9
-DWGA=-*FG(=HI9=$nMN&#-&E$F99K=O6|-DF9=#|8&#"(*F8qo:=<>lJC#(D-*q8&6x(DF"Fqo:_%>L&6-TD8&#4
F&6"*=(*"8qk:K<¿>@?
v(*4"4;F-%J6UsVMN&78A"&6(DmXF"bl[c`I"^[bX8]`8c%6XF\_?E,&644;&#*$c(D&'&(DF--*9=E%$mm&7$79=J
K('-DWGA=-*%tS8749==F('#**&78I(DK&#5&6M3$(D(D&qE"-D&6"Ke%I(*=&65&6 7x%[(F?«03"=c9=9K&IUL.(D&E$F9
(D&T9KH6-D6B6.(*'-*9=(*=&6"*=4 ;8(xUsFT*qG-*&#=eI(DK&#Q&# 7x8(L(*I(,4-D&(D8(D,F-*K(*F69}*8(*=&6J
6"$p(*Q$I(68D*$5UV(DKh(*"(c%[(DK&#?}½"&E$6u )HEKUÆ&ML&#T$I(d %8&#m%tA47{l(*&6{@$"I(*
 ]É[ÊFËÌÍ¹Î[Ï8ÐQÑ
©
>5@5@5@V[É[ÏÒgÓQÍ¹Ô¹ÕË.ÖpÉ[Ò×IØGÐÙ  "#5$'&.(=*,*ò-)$'&./ý"#501'(+24352!687	9*3%&.2!6:;<1=-.*)6?>5@5@5@+A'B'BEDGF+H9*-ò1=35*-GJ(+LRMY$=NÊORQS)T5U=VYX+Z O<[ \
	 	«Ø+!Ø
 
ÿz 1=a=	
  	   	!z	5 	!  

(a)
C C
C C
CC
Home
Home
(b)
  
	 )"#>31(6 $!" > <<&> 70%&109
9
74 *; &1<&=&> ?
&#9KqQUVF(D)&7$7)G(*F-s(*"'6D&7F=(*$8-DK(*F9}%[(*=&6«?"03VF9=K="I(DVA"FD*6-*qT(*-ITJ
*K8V&6"9Kqc&7$71(D"I($89-D3(*"F=-jKG(DFG(*=&6m(*&)#FFDC$I(UVK9=9B6F(jA4]$I(D$JG"$m&6"9Kq'(*,$"I(D
UVRUV=9=9; ;6FFD%$UV=9K9] ;gA4]$(*$?77A"Qm8&#"8-*MN&#-FT8=F"Fq6O6%C(*"=3&7$7F9'B6&E&7$
"$7$(*K(D)8&##(D8E(V&M1*FK#(D¨;B6-D=$8&#m4"A7(*=B"?
03p4-*&#B6-F-Q"6Q(*& &6 -*H#d(xU&=µ-DWGA=-*FG(D?s/!=-D(JV69K9t*"-D$o$"I(Dn"H6k(*&
 ;#**&78I(D$SUVK(*(c9=#x(m&6QB6A"6-D$7=Bk*qE"-D&6=e(*=&6S&6 x[(%?178&#"$J18F9KA"*=H6R#F8%**
(D&k-D$p$I(d"H6m(D& R8749==F(D9KqS$7x(DKB#A%$pMN-*&#§"&67{@889=A"*KH#6FFD% Eq5A"*=B|(xU&
$7K~]F-DFG(4-DKK(*=H6%F¶    JUVB6-G(D1cA7(*A"69"F7F9KA=&6	   	 J%UV9=9K&IULC"&67{
F7F9KA=H6.6FFD%&#QcA9K(*=49K&7$7%(*&m 4;F-*MN&6-Dm%$T=Q4-9=9K9?E±$78(=9K%$Q$7%*F-*=47(DK&#T&M}(*
&7$7F9«=3B#KH#FKS:_%>@?
v(D=6*c(*A"$7q#J]&6A-x(-*(*=BR4;&6=G(..k]I8I·7\_b6bI\KXF*IbL4-D&(D&EF&69}MN&6-.FG(*-Dqd8&#"(*F8q
Â/}=B6A"-*)Âa#Ã*Ã[?  '6-*)F&6"*=$F-DKBRX­FX|4-D&(D&EF&69lJ7KdUV"=dRXc]#X),#**&78I(*%$
(D&5%6n$(D"?103"=m&7$7=c-D*4&#"= 9=RMN&#-c6KG(D6K"KBpk-D8MN-*"88&#4GqpMN&#-'(D"I(T$(D?103
&#,&7$7,69=*&)B6%j)9=&7Om#**&78I(D$m(*&'($(D"?  Rt4-D&78%*FG(*-D'8-DK(*F9;%[(DK&#
4-D&(D8(*$. EqA"tV9=&7O]J[(*6D&78I(D$*"-D$.$I(VA4]$I(D$t&#g(Dj&7$7&#(*=B3(*I(}4"-*&78%*
ÂaMC%8DD-Dq7Ã8?"fg9=HE=Bm(*)F-*K(*F69«*[(DK&#JE(*")9K&79&7$7¨;FI(DK&#")ÂaMjEqÃs-D.(*-"*(*(*$
(D&R(Dc"&6'&7$7#?$;&6"*WGA#(D9Kq#J;#FFD%V(*&|*"-D$$"I(DRKEH#&69=H6'*&6cF&6'A"=I(DK&#",UVK(*
(Dt&6&7$7#?
 	   1'	'()+ 
	 0.	#%
vS(DR4-D&(D&78&69O#8(D"$p&6A7( ;&IH6#J(*R&6T&7$7R=m89=6-*9=q5dF-*K(*F69FG(D(xq5(*"(ccA"x(c 
HI=9 9=sMN&6-1(*"L4-D&(*&7F&69E(*&t ;L&#4-D(*=&6"69?E="8,KB6-D$'GHE=-*&#FG(CUL"&(j-D9=x(D=9=9Kq
#**As(*"(AmG(*K(*=CUV=9K9" L=49=FFG(*%$ Eq)Ma=9=A-*F{MN-DF3&7$7%FJ(*CCUVF-D3(*"L44-D&##
4-D&64;&#*$RKE%[(DK&#F6R ;)44"9K=$?fgA"-V4-*&#4&G*69s(*&6O6g(*%FG(D(DK%3MaA9K({l(*&#9K-D6G(s Eq
A"*=Bki-D=%$pH6F-*K&#p&6M3(*|*·%ZrXF­XF7^ Z6 "(*-6[(DK&#?«03R&6T&7$7R='-*49=#8%$
 EqhB#-*&#A4r&M'&7$7%kÂ/}=B6A"-*p´ÂN ;ÃÃ[?V03QB6-D&6A4&6M)&7$7Q"6R(*"MN&69=9=&IUVKBn4-*&#4-(DK%F¶g<%Ã
 ]É[ÊFËÌÍ¹Î[Ï8ÐQÑ
©
>5@5@5@V[É[ÏÒgÓQÍ¹Ô¹ÕË.ÖpÉ[Ò×IØGÐÙ  "#5$'&.(=*,*ò-)$'&./ý"#501'(+24352!687	9*3%&.2!6:;<1=-.*)6?>5@5@5@+A'B'BEDGF+H9*-ò1=35*-GJ(+LRMY$=NÊORQS)T5U=VYX+Z O<[ \
< Å  	! I  
	 
"
  
  ý

,9K9.D*6B6*FG(Q(*&n*A"oiB#-*&#A4-Dd-*%8F=H6%$ ­8 I\
\,XF­XF5xdbNX|6*I·%Z '^
µbNXkFIX
*6XFÂaI(D&6V'A9K(*F#x([Ã    ÃC03",B6-D&6A"4"j-DL*F9KM
{l&#-*BG=eF=B"¶(DFqm=G(D=T*&6LA"*F-*{@*4;8K¨"%$
-DF49=FI(DK&#R$7B6-DFL EqT$7qE"6mF69K9=q"$R6$$7=BmFU´m' ;F-UV"FR"8%*D-DqmKg*-*(xLU3q6?
03*F9=8(*=&6p&M(DUyFc -D"$79K%$p Gq(* 3*I·%Z 	]XF\  Il#"^%Ibl^aI9=q#F-%J;UV"F-D6
(DF=-tK"(D=69K=e(*=&6p=B6%$ Eqd(D º I]Im^a` jI"[^bXF;`F ¬ *Ib`\jI!·7DIbl^aIh9q6-J]6
FE4"9=6K%$R=E8(*=&6|?   ?
03GA"' ;F- &MÈ*='A9K(D6F&#A"¼Ma6A9K(D A"44&#-(D$  Gq (D *&69=A7(DK&# $74"$ &6 (*
=49KFG(D(*=&6m&M"(D3A"$7-*9=qEK"B,Ma6A9(*{(D&69=F-G(1 A=9=$7=B 9=&7OE3Â8&6"AFJII(D&6 "-*&G6$6(Ã[?
fgA-jFA-D-*#(C=49KFG(D(*=&6A"44&#-(1A4m(*& bn−1
2
c ='A9K(D6F&#A"!Ma=9=A-*%1UV(D=TgB#-*&#A4JIUV-*
n
=3(DtB6-D&6A"4Q*Ke6?
 L&6(*(D"I(Q(*p8&#"(*F8q 4-*&6(*&78&#9,F6oA"*d(*"kU§IXpFG(D(xq#JsF&64&G%$r&M)cA9(DK4"9K
&7$7%FJ7F6[(D9KqQ63K(LKK(*9=9=qRA"*$R(*t"&6t&7$7K(Dt&6-DKB#K9lJG"&6QMaA9K({l(*&#9K-D6#(VH#F-=&6?Ev@(
(*=9K936D*A'(*Q&6Rm9=Usq7)HI=9 9=6J} A7(m(*m4-*&#4-(xqp'&IU½#KH6%$p(*-"*4"-DFG(D9Kq
MN&#-Q(Di4-D&(D&EF&69lJs(*"6O7R(D& (*i=49KFG(D(*=&6¾&M'(DhEF9KM
{@&6-DB#"KeKBr+.-*&#A4±ÁdFc -D*=4
6 "x(D-D#[(DK&#?;03O7.(*&Q(*"=t644-D&#6«J"(D8&6x(DF"Fqd4-D&(*&7F&691K49=F#(TX*YE#`8bl\_|b
"XFIX
^bl[^a­F·7b@XT\ #[^
b
7 #=(3KK(*9lJ7&#TMaA"9(*{(D&69=F-G(H#F-=&6?E03t8&#"*=(*"8q4-D&(D&EF&69$
(Dt-*49==I(*=&6{l "#%$Ma6A9(V(D&69=F-"Fg%"* -D,(DEA"L89=6-*9=qT$7%8&6A"49K%$?
 $  #'()+ %* +  71%( # '( / '*% &,-"% . .%* 1)5. 0.	#%
9 8(tA".&(D'(D"I(%JKSQB6-D=$58&6x(DK"BR&M389=A"(*F-,MN$7-D(*=&6J]=#(DF-*{@F9KAx(DF-.9=(*F8q.B6F"F-9=9Kq
=B6"F-(DFt=G(*-I{89=A"x(DF-9I(DF"Fq6?8vt&#-D$7-](*&V=4-*&IH#!(*j4"-*&6(*&78&#9I8T8=F"Fq6J%VAK(D6 9=j44-D&##
n-DF9=qS&6m==KeKB5(*"Q=G(*F-*{89=A"x(DF-8&#mcAF(*=&6"?!03"=m$75"6c ;FF A"*$nK &#m
À7Áq7(*F."$k"6g9=6$(*&Q(*$7%=B65&M37^aX8**`E^a`I\38&#"(*F8q|4-D&(*&7F&69F?;v ; 9 ¸ ;Æ: ¿I>lJ
9=&7F93F#m-DQF-*%I(D$i&#n#n89=A"(*-J}(*&p&647(DK=eFQ(*9=&E9=(xqS&6Mg8&#"%8A7(DKH#Q#F8%**)(*&
-DF&(DL$I(t&7$7¨;FI(DK&#"?6vd:  >@J(*"=s44"-*&G6m=449==$m(*&c$7=(*-D= A7(*%$9=&EOc"6B6F#(%J6 Eq
-DF&#-D$7-*=Bc9K&7OT-DWGA%x(F¶7-DWGA%x(MN-D&6 (*t9=&7F6989=A"x(DF-L6-*-*H#$Q FMN&6-D-*m&6(*-DWGA(D?
9 F(.A"g&IUyF&6"*$7F-.E^aXF**`D7^a`I\sH6F-*K&#&MC(Dc4"-*&6(*&78&#9!*O6F(D%$d&6A7(.Kk(*E%[(*=&6  ?=<6?
03!H6-D*K&#J%K9=9KAx(D-D(*$'&6m/}=B6A"-*  Â#Ã[J!K"*4=-*%$) Eq(*"=F--F69J%&6F{l "#%$t4-D&(D&EF&69#MN&6-
-DF9=#LF&6"*=(*"8q$7%*F-*= %$=:  >l?G03,$7%t=(*&cA"*,b \KXFXF\"E^aXF*ID`D73"IX;%6X8[?"fg
%6T89=A"(*-JGT\K%`I\"X.UV=9K9]*F-DH6L68%**1MN-D&6Ç(D,9=&7F9;89=A"(*F-%JGUVF-D#jc6\K6­\"IX.UVK9=9
*F-DH6,$"I(Dc68D*C(D&'(D89=A"x(DF-FJGl? #?#(D&)(Dg9=&7F69&#?  c89=KG(s$(*&68%*&#m
$(D"J#K(sUV=9=9;-DWGA=-DV(*6D*&EF=(*%$9K&7Om(*&c(9=&7F69&#6?Gv@M(*s&6g&IUV"j(DgF&6-D-*%4;&6$7K"B
#F8%*-DKB##(j(D&'(D$I(JE(VF6QDI(D=MNq(*68%*?7f,(DF-DUV#J#K(VUVK9=9]-*%W#A"((*".9=&7OmMN-*&#Æ(*
B#9K&# "9C&#6J«UVK(*h6iA4]$I(D$i8&#4Eqk&Ms(*"R$I(?  L&(D(*I(t(*"RB69=&6 9C&#mR&69=q5*F-DH6%.(*
-DWGA%x(j**A$T Gqm(D,9=&7F9&6%G(s"6&m8&6G(D-*&#9&6TUVI(-DWGA%x(6-*,*A "*WGAG(*9=q*F-DH6%$
 Eq|(*"c9=&7F91&#?]ª,&IUH6-J"(*&m==Kem=G(*-{89=A"(*F-8&#'AF(*=&6"J]T9=&E91&#m*F-DH6
9=&7F9-DWGA%x(VUVK(*|=B6-V4-*=&6-DK(xq(*"6|-*m&6(*t-DWGA%x(3=DA"$Q&6|&(DF-,F9KAx(DF-FJ7-DFF=H6$QHE=
(D|B69=&6 "69s"&66?j0}&pH#&6$h(D-DHII(DK&#JC59==mK(=*8(&#h(*"dGA"' ;F-&M8&6%8A7(DKH##F8%**
*F-DH6%$T EqR%6R9=&7F69&66J&m(*I(V-*&(*-DWGA%x(3 )*F-DH6%$(*&E&?
03m8E(tx(DF4p=g(*&O#)(*"=.=F--F9}4-D&(*&7F&69}MaA9K({l(*&#9K-D6#(%?;0}&Q(*.4A-D4&G#J;UsmA"
(D)*6g(D"=WGA)$7%*F-*= ;$K(Dt4-DFHEK&#A"V*[(DK&#?  )-*4968.#|9K&7F69&6 EqQB#-*&#A4
 ]É[ÊFËÌÍ¹Î[Ï8ÐQÑ
©
>5@5@5@V[É[ÏÒgÓQÍ¹Ô¹ÕË.ÖpÉ[Ò×IØGÐÙ  "#5$'&.(=*,*ò-)$'&./ý"#501'(+24352!687	9*3%&.2!6:;<1=-.*)6?>5@5@5@+A'B'BEDGF+H9*-ò1=35*-GJ(+LRMY$=NÊORQS)T5U=VYX+Z O<[ \
	 «Ø+!Ø
	 
 1Wa=	
  	   !5 	!  <6<
Global home
LDGLDG
LDG
C
CC C
C
C
C
C
C
LDG: Local Data Group
GDG: Global Data Group
C: Client node
GDG
(b)
C
CC C
C
C
C
C
C
Local
home
Local
home
Local
home
(a)
  
	  %" >3(6.<7 #> ;$'1"> 2<&> 70
&9 97;.*0 &<&=
&> ?
&6M&7$7JG(*"(UsgF69K9}`I\ º Ib 3*I·%ZhÂ 9 À.+tÃ8?7s(3'KB#F-s9=FH69J#(*",B69=&6 9;&6,-*49=#8%$
 Eqh 3\K6­I\ º Ib 3*·%Z Âl+À.+tÃ8JjUV&G|Fc -D-DQ(* 9 À+dÂa/!=B6A-D  Âa ÃÃ8?03+À+
6"$h(D 9 À+"H#R(D9M
{@&6-DB#6=eF=B4-D&64;F-*(*=#m$8(D6K9=$=(D|4-DFHEK&#A"%[(DK&#¶1(*q
=G(D6K'*&6sA"*F-*{@*4%8K¨"$)-*49KF(*=&6'$FB6-DF Gq)$qG=9=9Kqt6"$'#$$7=B,UhFc -D}UVF
%8%*D-Dq6?
	'(24'(.7 #, . 07 !  # 0)  #77' 	%*  	 . !)7'*)7
03 FFG(*-9$7 &6Mµ(D 4-*&#4&G%$644-D&## 8&#"(DÆ=A=B -*49==I(*=&6"$B#-*&#A4
F&6'A"=I(*=&6S x(D-D#[(*=&6g=i&6-$7-g(D&dF"F(*THI=9 =9KK(xq&6M3F-*K(*F69C4-*&6(*&78&#9CFG(*K(*=?
031U3q6J%(*VF&6"*=(*"8qt4"-*&6(*&78&#9GF&6A9$)(D-D6"*4"-DFG(*9=q.(*&#9K-D(*(xU&.OEK"$"1&M"Ma6K9=A-D¶E<%Ã!8-6*
&6Mt(*p&7$7R(*I(Q=49=FFG(JV#RhB#-*&#A4J(*S8-D(D=9gFG(*K(xq5   Ã(*4&#-D6-*qMa=9KA"-*%R&6Mt(*
F&6'A"=I(*=&69=KO73 ;8(xUsFQ(D*&7$7?
	 # @ 0&'()+  ' . 1%('( !)5. ,-'(%*"$ !7
03644-D&#658&6A"9=$5 FG(DF"$$5 GqkA"=BQ(*Dm(*%W#A"cMN&#-F"6"8=BQ(*THI6K9 =9=(xq
&6M3&6(*-'#(D(DK%'=EH6&#9KH#$pKh(*Q4-*&6(*&78&#9?}/&6-cKx("F6J(DQF9K=FG(c#F8%**=B|(*$I(8&#A9$
69=*& ;Q-DF49=FI(D$?!ªL&IUsFH#F-%J«$7F4;F$7K"B5&#i(*44"9KF(*=&6J}(*c=c&(9=Usq7t4;&#D*K 9=6?103
AH6K9 "K9=(xq¾&MT*F"*&6-hÂa"-$7U3-DS(*=m-DÃd&#-56449==I(*=&6 $F49=&IqEmG(k&6 "(D#89=Âa*&M
(xU3-D
GHE=-*&#FG()$7F4;F$7F"FK%FJ}%8A-D(xqk4&#9K8=J«*&M
(xU3-Dc9==FF"*-D(*-D=8(*=&6"J]8(D6? Ã8J«qO#(
=4&G**K "9Kk(*&h-DF49=FI(Dd(*"pF9K=FG(?sv´*A"oF#%FJMN&6-449=FI(DK&#"TUV"F-D(=Q=m4;&6-*(D6G(T(*&
(D&69=F-I(*tF9K=FG(3Ma=9KA"-*%FJ$7K~]F-DFG(V(*%W#A"3"H#,(D& tA"*$?
 ]É[ÊFËÌÍ¹Î[Ï8ÐQÑ
©
>5@5@5@V[É[ÏÒgÓQÍ¹Ô¹ÕË.ÖpÉ[Ò×IØGÐÙ  "#5$'&.(=*,*ò-)$'&./ý"#501'(+24352!687	9*3%&.2!6:;<1=-.*)6?>5@5@5@+A'B'BEDGF+H9*-ò1=35*-GJ(+LRMY$=NÊORQS)T5U=VYX+Z O<[ \
<    	! I  
	 
"
  
  ý

client C1LDG LDG
acquire
acquire
acquire
W(X)
lock ?
data X
read X
lock
lock
acquire
client C2GDG
Detection
Failure
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client C2
retry_acquire
client C1LDG GDG LDG
lock ?
lock
acquire
acquire
W(X)
acquire
acquire
lock
W(X)
data X
read X
lock
read X
release
data X
Failure
Detection
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